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Abstract. The article describes research carried out on four coals samples (raw coals A and B and enriched coals A 
and B). The fuels were subjected to low-temperature thermal treatment in order to remove as much mercury  
as possible while still maintaining high energy quality of the fuels. The lab-scale tests were performed in a fluidized 
bed column and for chosen coal fraction 500-1000m. Air and a mixture of carbon dioxide (16%) and nitrogen (the 
rest) were used as the fluidizing medium that as intended to have similar composition as the synthetic flue gas.  
The coals were tested for five temperatures of 200, 250, 300, 350 and 400°C.The results indicated that it was possible 
to remove more than 80% of mercury from coal A (raw and enriched), in CO2/N2 atmosphere at the temperature  
of 400°C in the case of coal B, both raw and enriched, the amount of removed mercury at 400°C was roughly 70%. 
At lower temperature, 350°C, the amount of removed mercury was 70% and 60% for coals A and B, respectively. 
Apart from the above test the investigation were also carried out in order to determine the loss of volatiles during  
the thermal treatment of the coals. The results indicated that at 400oC roughly 20% of the volatiles were evolved from 
the fuel particles. The loss of elemental carbon and fuel higher heating value (HHV) after the treatment were 10%  
and 8%, respectively. 

1 Introduction  
The reduction of pollutant emission to the atmosphere  
is now one of the most important challenges for power 
plants. Apart from getting rid of compounds such as SO2, 
or NOx, several attempts are carried out nowadays to 
minimize the emission of other compounds such as CO2 
and mercury. The latter one is emitted to the atmosphere 
mainly from the combustion of coal and its contribution 
to the total emission is estimated at roughly 40%  
of the world mercury emission [1]. The contribution  
of power plant emission is particularly significant  
in countries like Poland where more than 63 million tons 
of lignite and over 73 million tons of hard coal have been 
mined recently [2] and where over 80% of electricity  
is produced in hard coal or lignite fired facilities. In 2014, 
Poland produced approximately 159 TWh of electricity 
of which more than 74 TWh where generated from hard 
coal and over 51 TWh from lignite. The recently reports 
indicate that mercury content in coal in the world varies 
significant and, in some extreme cases, could reach  
up to 1000 ng/g [3]. The Polish coals were also examined 
and several authors report that the average mercury 
content in Polish hard coals combusted for power 
generation is roughly 80 ng/g [4-7]. Even though Hg 
content in Polish is relatively low. Poland is one  
of the biggest emitters of mercury in Europe with  
the emission of more than 10 tons/year due to large 
quantity of coal  burned. Głodek and Pacyna [8] report 
that the emission of mercury from a single Polish power 

plant may be even 50 kg Hg/year. There are two main 
groups of methods to reduce mercury emissions  
to the atmosphere. The first group called ‘postcombustion 
methods’ depend on the removal of mercury from  
the flue gas after the combustion process and the most 
common sorbent used for this purpose is activated carbon 
impregnated with sulfur or iodine. The second group  
of methods called ‘precombustion methods’ is focused  
on mercury removal from the fuel before its combustion 
in power plants. Those methods are briefly described  
in the publication of Wichliński and others [9]. Particular 
focus is put to a low temperature thermal treatment  
of fuel (LT3). The LT3 technology involves  
the exposition of the fuel to temperature high enough  
to remove majority of mercury, without significant 
degradation of coal as a fuel. Except for the removal  
of mercury, an advantage of this method is also  
the removal of fuel moisture particularly advantageous  
in the case of high moisture fuels. The effectiveness  
of this method depends mainly on the type of mercury 
compounds in coal (mainly: HgO, HgO2, Hg3(SO4)O2, 
Hg2SO4, HgCl2 as presented by Uruski and others [11]). 
Except for HgO the decomposition temperatures  
of the above compounds are below the ignition 
temperature of coal. Accordingly mercury can be released 
from the fuel before the ignition of coal. Preliminary 
results indicate [11- 16] more than 90% of mercury may 
be removed at temperatures roughly 400°C. Despite such 
temperature, the reduction of volatile matter and higher 
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heat value may be controlled and maintained at low level 
(Zarzycki and Wichliński [17]). The main goal  
of this paper is to provide some information on the LT3 
technology and corresponding results. 

2 Research methodology  
2.1 Coal data 
For the present studies four coal samples were selected. 
All of them were hard coals, form Polish mines. Two  
of them were raw fuels (coals ‘A’ and ‘B’), and the other 
two were enriched coals (coals ‘A’ and ‘B’).The results 
of the coal analysis are shown in Table 1. 

Table 1. Some main parameters of the coal samples used  
in the experiments (all values are given as ‘air dry’) 

 
Unit 

Coal 
A 

raw 

Coal A 
enriched 

Coal 
B 

raw 

Coal B 
enriched 

Transient 
moisture % 9,3 5,3 10,3 8,1 

Hygroscopic 
moisture % 3,4 3,4 3,5 4,4 

Ash % 28,1 12,6 32,6 22,3 
Volatile 
matter % 24,0 29,4 23,8 27,1 

Fixed 
carbon % 44,5 54,6 40,1 46,1 

HHV kJ/kg 22600 28100 20300 23800 
LHV kJ/kg 21700 27000 19500 22800 
C % 54,1 67,4 49,4 56,3 
Hg ng/g 76 75 146 124 

2.2 Experimental facility 
The experiments of low-temperature thermal treatment 
(LT3) were conducted on a fluidized bed reactor. 
Diagram of a fluidized bed reactor was shown in Fig. 1. 
The bed solids were composed of quartz sand (particle 
size 250-500μm) and 10 g of ceramic balls (dp=1,6 mm). 
Depending on the type of experiments, a fluidizing 
medium was air, or a mixture of nitrogen (84%)  
and carbon dioxide (16%).  
 

 
Figure 1. Sketch of the fluidized bed column: 1—mass/gas 
flow controller, 2—gas distributor,3—grate, 4—fluidized bed, 
5—electric heater, 6—quartz tube, 7—thermal insulation, 8—
measurement zone. 

Regardless of the type of fluidization medium, 
maintained the same flow of gas volume of 10 dm3/min. 
The temperature in the fluidized bed column  
was controlled and adjusted using a thermocouple  
and adjusted by an electronic controller. For each test 0.5 
g of coal of particle size between 500 and 1000μm was 
introduced into the bed. After the introduction  
of the sample into the reactor the mercury compounds 
contained in the coal decomposed. The evolved gases 
were mixed with fluidizing gas and the Hg content in gas 
mixture was analysed on-line by the LUMEX RA-915+ 
spectrometer connected to the system properly prepared 
test point. The output signals are connected  
to a computer, which allowed for registration of the 
measured values. The details on the mercury 
spectrometer are published elsewhere [18]. 

The degree of mercury release from coal sample was 
calculated by integrating the area under the curve  
of instantaneous mercury concentrations. The calculated 
value was then substituted into formula (1), to calculate 
the amount of mercury released during thermal treatment 
of coal at various temperatures. Eq.(1) allows  
to determine the mercury concentration in the solid 
sample from the integration of the area under the mercury 
concentration curve: 

 pr

gHg
Hg m

VFp
S




144

   (1) 
where: HgS  is the mercury content in the sample [ng/g], 

HgFp is the area under the mercury emission curve, 
[(ng/m3n)s], 144  is a constant factor, 

prm  is the mass  

of the sample [g], and gV


 is the gas flow rate [m3n/s]. 
After the bed was cooled down the remaining coal 

sample was then removed and combusted in a pyrolysis 
snap-RP-91c connected to the spectrometer RA-915+. 
The sum of mercury released during the thermal 
treatment of coal in the fluidized bed at a given 
temperature and the mercury released during  
the combustion in the pyrolytic snap at 850 °C was 
assumed as the total mercury content in the coal sample. 
The degree of mercury release during thermal treatment 
of coal was then calculated as a mass ratio of mercury 
released during coal thermal treatment at a given 
temperature to the total mercury in the sample. 

3 Results and discussion  
3.1 The release of mercury from coal 
The research were carried out in air and CO2/N2 mixtures, 
and for a selected fuel fraction of 500-1000µm.  
The results of mercury release were shown in figure 2. 
For As can be seen coal A (raw) even at 250°C it was 
possible to remove roughly 30% of mercury in air while, 
for coal A (enriched)  roughly 35% of Hg was removed. 
At a higher temperature (300°C) was removed nearly 
70% mercury from coal A (raw) already, while only 55% 
from coal A (enriched). Further increase at temperature 
350°C to brought about that 70% of Hg was evolved from 
both types of coal A (raw and enriched). For the highest 
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temperature (400oC) the amount of released mercury 
increased to 80% for both coal A (raw and enriched).  
The replacement of air with CO2/N2 mixture favored  
the release of mercury and over 65% of Hg was evolved 
from raw coal A already at 250oC. At 300oC over 80% 
and 75% of Hg was released from raw and enriched coal 
A, respectively.  
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Figure 2. Relative amount of mercury release in selected 
temperature for coal A  

The corresponding values for thermal treatment  
at 350oC are 90% (enriched coal A) and 85% (raw coal 
A). In the highest temperature (400oC) the amount  
of mercury released was similar and yielded at roughly 
85% (coal A - raw) and 95% (coal A - enriched). 

In the case of coal B at 250oC (fig. 3) and air 
atmosphere the amount of mercury released was just 15% 
for both types (raw and enriched) coals while at 300°C 
over 55% and over 40% of Hg was reduced from raw and 
enriched coal B respectively. For the temperature  
of 350°C, the corresponding values were 65% (coal B - 
raw) and 55% (coal B - enriched). The change  
of atmosphere form air to CO2/N2 mixture has also 
positively affected the process of mercury removal as can 
be concluded from fig. 3. 
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Figure 3. Relative amount of mercury release in selected 
temperature for coal B 

The highest increase was noted, as in the case of coal 
A for a temperature of 250°C, was roughly 55% coal B 
(raw) and 45% of coal B (enriched). For other 
temperatures also noted an increase in the amount  
of mercury released, but won`t as large as at 250°C.  
For the temperature of 350°C the amount of released 
mercury was roughly 75% (coal B - raw) and 65% (coal 
B - enriched). For the highest temperature (400°C)  
the amount of mercury released was more than 80% (coal 
B - raw) and roughly 75% (coal B - enriched). 

3.2 The loss of volatile matter during LT3 
Except from research of amount mercury released it was 
also conducted research caused degradation of the fuel 
subjected to LT3. We investigated the loss of volatile 
matter (VM) from the various coals as well as change  
of higher heat value (HHV) and the content of the carbon 
element in coals. The relative amount of volatile matter 
loss of were calculated from the difference in the volatile 
matter content in coal before LT3 and after treatment.  
In the case of coal A (raw) (fig. 4) at temperatures  
up to 350°C the amount of VM loss didn`t exceed 13%, 
regardless of the used atmosphere. Only at a temperature 
of 400°C the amount of VM loss of were about 20%  
(for air atmosphere), and about 15% in the atmosphere  
of CO2/N2. The coal A (enriched) amount of VM loss 
were higher roughly 13% for a temperature of 250°C and 
atmospheric air, about 15% in temperature of 350°C and 
about 20% in 400°C. Change of atmosphere for coal A 
(enriched) caused a reduction in the amount of VM loss 
for temperatures 250-300oC, and a slight increase for the 
top two temperatures 350 and 400°C. 
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Figure 4. Relative amount of VM release in selected 
temperature for coal A  

For coal B (raw and enriched) (fig. 5) the quantity  
of VM loss were about 10-12% for both types of coal B 
(raw and enriched) at temperatures 200-300oC. Higher 
amount of VM were released until at 350°C and it were 
roughly 15% for both types of coal B (raw and enriched). 
In the highest temperature of 400°C the amount of VM 
released were 18-22% for both types of coal B (raw  
and enriched). 
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Figure 5. Relative amount of VM release in selected 
temperature for coal B 

3.3 The loss of higher heat value during LT3 
In the case of higher heat value (HHV) change for coal A 
(raw) (fig. 6) in air atmosphere, it was about 7% at 300°C 
and about 9% at 350°C and roughly 12% for 400°C. 
Changing the atmosphere for a mixture of CO2/N2 
significantly reduced the loss of HHV to a level of 8%  
at 400°C.  
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Figure 6. Relative amount of HHV loss in selected temperature 
for coal A 
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Figure 7. Relative amount of HHV loss in selected temperature 
for coal B 

Also, in the case of  coal A (enriched) atmosphere 
substitutions reduced the loss expressed by HHV from 
8% at a temperature of 350°C, up to about 4%,  
at a temperature of 400°C from about 9% to about 5%. 

In the case of coal B (raw and enriched) (fig. 7) 
change of atmosphere wasn`t caused such significant 
changes as in the case coal A. For the highest 
temperatures of 350 and 400°C, it was roughly 8%, 
regardless of the atmosphere and the type of coal. 

3.4 The loss of carbon during LT3 
The figures 8-9 shown the change in the content of the 
carbon element as a result of LT3 processing  
of individual coals. Changes in the content of the element 
C in the coals A and B (raw and enriched) were very 
similar. For the temperature of 250°C in the case of coal 
A loss about 5% of the element C (for both raw  
and enriched), and in the case of coal B this loss  
was approximately 3%. At temperatures 350-400oC 
amount of element C loss were about 9% in the case  
of coal A, and about 8% in the case of coal B. In both 
coals could be seen that in enriched coals samples 
amount of element C loss were less than that in raw coal. 
Also, in the case of enriched coals changed of atmosphere 
from air to mixture of CO2/N2 decreased the amount  
of element C loss. 
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Figure 8. Relative amount of carbon loss in selected 
temperature for coal A 
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Figure 9. Relative amount of carbon loss in selected 
temperature for coal B 
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4 Summary 
The results of the research indicate that low-temperature 
thermal treatment of coals can remove significant 
amounts of mercury from coal. In the case of coal A 
maximum degree of mercury release was 95% (enriched 
coal, atmosphere of CO2/N2) and for coal B - 83% (raw 
coal, atmosphere of CO2/N2). The amount of mercury 
release from the raw coals were in most cases bigger than 
that for the enriched coals. This is probably due  
to the fact that enriched coals generally contain less 
mercury than the raw coals, caused by the release  
of some mercury in the fuel enrichment processes.  
A greater amount of mercury released was especially 
visible in the case of temperatures below 300°C.  
The amount of mercury released in the atmosphere  
of CO2/N2 was greater than in air, which was particularly 
evident at temperatures below 300°C for both coals A 
and B. The amount of volatiles released during LT3 
process may seem high, , but as mentioned, it is possible 
to such lead a process that after the removal of mercury 
from process gases from LT3 VM could be recycled  
to the combustion chamber for combustion. This will 
limit the losses caused by this process, and at the same 
time improve the combustion of partially degassed coal. 
LT3 impact on the HHV of coals was approximately 10% 
for the temperature 400°C - in the case of coal A in air 
atmosphere, changing atmosphere for a mixture  
of CO2/N2 caused a loss of roughly 6% of the HHV.  
In the case of coal B changed of atmosphere also caused 
a reduction in HHV loss to a level of about 4% - in the 
case of enriched coal, and about 6% for raw coal.  
The effect of changing atmosphere on carbon loss was 
also observed. In the case of the raw coal A and B,  
there was a reduction, but in the case of enriched coals A 
and B the change of atmosphere caused minor increase  
in carbon loss. 
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